Phospholipid metabolism is involved in hyperosmoticstress responses in plants. To investigate the role of phosphoinositide-specific phospholipase C (PI-PLC)-a key enzyme in phosphoinositide turnover-in hyperosmoticstress signaling, we analyzed changes in inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3 ) content in response to hyperosmotic shock or salinity in Arabidopsis thaliana T87 cultured cells. Within a few s, a hyperosmotic shock, caused by mannitol, NaCl, or dehydration, induced a rapid and transient increase in Ins(1,4,5)P 3 . However, no transient increase was detected in cells treated with ABA. Neomycin and U73122, inhibitors of PI-PLC, inhibited the increase in Ins(1,4,5)P 3 caused by the hyperosmotic shock. A rapid increase in phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ) in response to the hyperosmotic shock also occurred, but the rate of increase was much slower than that of Ins(1,4,5)P 3 . These findings indicate that the transient Ins(1,4,5)P 3 production was due to the activation of PI-PLC in response to hyperosmotic stress. PI-PLC inhibitors also inhibited hyperosmotic stress-responsive expression of some dehydration-inducible genes, such as rd29A (lti78/cor78) and rd17 (cor47), that are controlled by the DRE/CRT cis-acting element but did not inhibit hyperosmotic stress-responsive expression of ABAinducible genes, such as rd20. Taken together, these results suggest the involvement of PI-PLC and Ins(1,4,5)P 3 in an ABA-independent hyperosmotic-stress signal transduction pathway in higher plants.
Introduction
To survive hyperosmotic stress, such as dehydration or high salinity, land plants respond and adapt to the stress by means of physiological, developmental, and biochemical changes. We have previously hypothesized that the hyperosmotic stress is perceived by osmosensors and that the stimuli are transferred to the cytoplasm and nuclei, causing a drastic change in the expression of various genes, via complex signal transduction cascades mediated by protein phosphorylation, phosphoinositideturnover (PI-turnover), and abscisic acid cascades , Shinozaki and YamaguchiShinozaki 2000 . Compounds derived from membrane components, such as phospholipids, play important roles as second messengers in transmembrane signaling. The phosphoinositide signaling pathway plays an important role in conveying extracellular stimuli to induce intracellular responses in animal systems (Berridge 1993) . A number of reports have indicated that PI-turnover in plant cells is activated by various external stimuli, such as light, plant hormones, and pathogen elicitors (reviewed in Drøbak 1992 , Munnik et al. 1998 , Chapman 1998 , Stevenson et al. 2000 , and is involved in signal responses to these stimuli. Recently, salinity and hyperosmolality stresses were also shown to induce rapid increases in the levels of phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ), diacylglycerol pyrophosphate (DGPP) and phosphatidylcholine in Arabidopsis thaliana , and that of phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P 2 ) in Chlamydomonas and tomato cells (Meijer et al. 1999) . Moreover, two genes encoding phosphoinositide-specific phospholipase C (PI-PLC) (AtPLC1s, accession no. D38554; Hirayama et al. 1995) and phosphatidylinositol-4-phosphate 5-kinase (PtdIns4P-5-kinase) (AtPIP5K1, accession no. AB005902; Mikami et al. 1998) were shown to be induced by hyperosmotic stress. These reports suggest that PI-turnover might be involved in the response to hyperosmotic or salt stress in plants.
In higher plants, PI-PLC has been shown to play an important role in responses to various environmental stimuli, such as pathogen elicitors (Kurosaki et al. 1987 , Legendre et al. 1993 , ABA (Lee et al. 1996) and gravity (Perera et al. 1999 ).
PI-PLC plays a key role in PI-turnover by catalyzing the hydrolysis of PtdIns(4,5)P 2 to yield two second messengers, inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3 ) and diacylglycerol (DAG). In animal cells, Ins(1,4,5)P 3 and DAG mediate the release of intracellular Ca 2+ and the activation of protein kinase C, respectively (Majerus et al. 1990 , Nishizuka 1992 , Berridge 1993 . Although no direct evidence has been presented for the existence of animal-type Ins(1,4,5)P 3 receptors in plants, Ins(1,4,5)P 3 induced the release of Ca 2+ from vacuoles (Alexandre et al. 1990) . Recently, hyperosmotic and salt stresses were shown to cause a transient elevation of intracellular Ca 2+ for a few seconds in Arabidopsis seedlings (Knight et al. 1997 , Knight et al. 1998 ). This elevation of Ca 2+ was partially inhibited by pretreatment with neomycin or U73122-potent inhibitors of PI-PLC in both plant and animal cells (Quarmby et al. 1992 , Legendre et al. 1993 , Staxen et al. 1999 . Hyperosmotic stress also induced Ins(1,4,5)P 3 production within 5-10 min in red beet slices and carrot cultured cells (Srivastava et al. 1989, Drøbak and Watkins 2000) . These reports suggest that the activation of PI-PLC in higher plants may trigger cellular responses to hyperosmotic stress and then induce transient Ca
2+
release from intercellular Ca 2+ stores. However, these reports were often very limited and it is not clear whether the Ins(1,4,5)P 3 production was due to the activation of PI-PLC or caused by other changes in PI-turnover.
In this study, we analyzed the role of PI-PLC in hyperosmotic stress-signaling pathways by measuring an increase of Ins(1,4,5)P 3 in response to hyperosmotic stress in Arabidopsis T87 cultured cells. Hyperosmotic stress induced a rapid and transient increase of Ins(1,4,5)P 3 within a few seconds. Neomycin and U73122, PI-PLC inhibitors, decreased not only the levels of Ins(1,4,5)P 3 increase but also the expression of hyperosmotic stress-inducible genes under hyperosmlality. These results suggest the involvement of PI-PLC in the hyperosmotic-stress signal transduction pathways in higher plants.
Materials and Methods

Materials
(±)-cis,trans-ABA, neomycin sulfate, L-a-PtdIns(4,5)P 2 , and L-aphosphatidylethanolamine were purchased from Sigma (St. Louis, MO, U.S.A.). 1-[6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione (U73122) and 1-[6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-2,5-pyrrolidinedione (U73343) were purchased from Calbiochem (La Jolla, CA, U.S.A.). D-[inositol-2-3 H(N)]-phosphatidylinositol 4,5-bisphosphate came from NEN Life Science Products (Boston, MA, U.S.A.).
Plant materials and growth conditions
Arabidopsis thaliana (Columbia ecotype) T87 cell culture (Axelos et al. 1992) was kindly provided by M. Axelos (CNRS-INRA, Castanet-Tolosan, France). The T87 cell culture was maintained in 325 ml of a JPL medium (Jouanneau and Péaud-Lenoël 1967) by gentle agitation (120 rpm) under continuous illumination at 22°C. An aliquot of cell suspension filtered through a 0.5-mm nylon sieve was transferred to a fresh medium every week.
Stress treatments
The stress treatments were applied to T87 cells 6 or 7 d after subculturing. A 30-ml aliquot of the cell suspension was transferred to a 50-ml beaker and allowed to stand until the cells settled down. The cell concentration was adjusted to 150-200 mg ml -1 , then the cells were preincubated by agitating at 120 rpm at 22°C for 30 min. The stress treatments were applied by addition of a JPL medium containing 1.5 M mannitol, 5 M NaCl or 5 mM ABA to the cells, or by the transferring the cells to Whatman 3MM paper for dehydration. The final concentrations were 0.25 M or 0.5 M mannitol, 0.125 M or 0.25 M NaCl, and 50 mM ABA. At 10 s before each treatment, two 0.5-ml samples were taken as controls. After each treatment, 0.5-ml samples were quickly taken at the indicated times and immediately mixed with 100 ml of ice-cold 20% perchloric acid (PCA).
In some experiments, 10 mM neomycin, 10 mM U73122, or 10 mM U73343 were introduced to T87 cells to give a final concentration of 100 mM at the start of equilibration. (1, 4, 5)P 3 and PtdIns(4, 5) 
Extraction and quantification of Ins
The 0.5-ml cell samples were mixed with ice-cold 20% PCA for 15 min on ice, and then insoluble materials were removed by centrifugation at 15,000´g for 15 min at 4°C. For the measurement of Ins(1,4,5)P 3 , the supernatant was recovered and adjusted to pH 7.5 with ice-cold 1.5 M KOH containing 60 mM HEPES. After removal of the sedimented KClO 4 , the neutralized supernatant was used for the measurement of Ins(1,4,5)P 3 content with an Inositol 1,4,5-Trisphosphate [
3 H] Radioreceptor Assay Kit (NEN Life Science Products, Boston, MA, U.S.A.). Assays were carried out according to the instructions of the manufacturer with 100 ml of sample per assay.
For the measurement of PtdIns(4,5)P 2 , crude lipids were extracted, and PtdIns(4,5)P 2 was converted into Ins(1,4,5)P 3 by alkaline hydrolysis according to the method of Chilvers et al. (1991) , with some modifications. The above PCA-precipitated insoluble materials were washed twice with ice-cold distilled water, and then crude lipids were extracted with 0.94 ml methanol/chloroform/HCl (80 : 40 : 1). Then, 0.31 ml of chloroform and 0.56 ml of 0.1 M HCl were added, and the lipids were recovered in the chloroform layer by centrifugation. The solvent was evaporated, and the lipids were hydrolyzed with 400 ml of 1 M KOH at 100°C for 15 min. The alkaline-hydrolyzed lipid lysates were adjusted to pH 7.5 with ice-cold 20% PCA, and washed twice with 500 ml 1-butanol light petroleum ether (5 : 1, v/v) to remove fatty acids. The resultant aqueous phase was used for Ins(1,4,5)P 3 assay as described above.
Preparation of recombinant PI-PLC
The bacterial expression vector pNH496 was constructed by subcloning an AtPLC1s cDNA into pGEX-2T (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, U.K.) (Hirayama et al. 1995) and introduced into Escherichia coli JM109. Overexpression of the recombinant protein was induced at 1 mM IPTG. Bacterial cultures were harvested and resuspended in 0.8 ml of extraction buffer [50 mM Tris-HCl (pH 7.2), 150 mM NaCl, 10% (v/v) glycerol, 1.4 mM 2-mercaptoethanol, 1 mM dithiothreitol] before lysis by sonication. The cell lysate was centrifuged at 15,000´g to separate supernatant containing a glutathione-S-transferase (GST)-AtPLC1s fusion protein. This GST-AtPLC1s fusion protein was subsequently purified on a Glutathione-Sepharose 4B affinity column (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, U.K.). Overexpression and partial purification of the GST-AtPLC1s fusion protein were checked by SDS-PAGE. Protein bands were stained with Coomassie Brilliant Blue R-250 (CBB).
Assay of PI-PLC activity
PI-PLC activity was assayed according to the method of Nakanishi et al. (1988) . The 50 ml of reaction mixture contained 50 mM MES/ NaOH (pH 6.0), 0.1% bovine serum albumin, 10 mM Ca 2+ (adjusted the concentration of free Ca 2+ by Ca 2+ / EGTA (ethylene-glycol-bis(baminoethyl ether) N,N,N¢,N¢-tetraacetic acid) buffer system; Owen 1976), 90 mM PtdIns(4,5)P 2 , 0.4 mCi of [ 3 H]PtdIns(4,5)P 2 (2.4 Ci mmol -1 ), 40 mM phosphatidylethanolamine. The reaction mixture was incubated with protein samples at 37°C for 10 min and the reaction was stopped by adding 1.5 ml of chloroform/methanol (2 : 1, v/v). Inositol phosphate was extracted with 0.4 ml of 1 M HCl (Nakanishi et al. 1988 ). The upper, aqueous phase was recovered and its radioactivity was determined.
Northern blot analysis
Total RNA was prepared from 30 ml of the T87 cell culture. Thirty micrograms of total RNA was fractionated on a 1% agarose gel containing formaldehyde and then blotted onto a nylon membrane filter (Sambrook et al. 1989) . The filter was hybridized with 32 P-labeled DNA probes in 50% formamide, 5´SSC, 25 mM sodium phosphate buffer (pH 6.5), 10´Denhardt's solution, and 250 mg ml -1 denatured salmon sperm DNA at 42°C. The filter was washed twice with 0.1Ś SC, 0.1% SDS, at 68°C and analyzed with a Fuji Bio Imaging Analyzing System, BAS2000 (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Results
Hyperosmotic stress induced rapid and transient production of Ins(1,4,5)P 3 in Arabidopsis thaliana T87 cultured cells
To investigate the role of PI-PLC in stress responses to hyperosmolality and salinity in Arabidopsis, we measured changes in Ins(1,4,5)P 3 content induced by 0.5 M mannitol, 0.25 M NaCl, dehydration, or 50 mM ABA in Arabidopsis T87 cells. We detected a rapid and transient increase in Ins(1,4,5)P 3 approximately 3-4 times over the control level during the first few s of treatments with mannitol, NaCl, or dehydration (Fig.  1A, a-c) . The mannitol-and drought-induced increases in Ins(1,4,5)P 3 reached its maximum within 5 s, and the saltinduced increase reached its maximum within 30 s. The concentration of Ins(1,4,5)P 3 decreased to the control level after 10 min. Moreover, in T87 cells treated with mannitol or NaCl, the magnitude and the duration of Ins(1,4,5)P 3 elevation were increased in a dose-dependent manner (Fig. 1B) . In contrast, ABA had no effect on the levels of Ins(1,4,5)P 3 increase (Fig.  1A, d) . Thus, the transient increases in Ins(1,4,5)P 3 in response to mannitol, dehydration, or NaCl treatment may be induced by a hyperosmotic stress response.
To examine whether the rapid and transient increase in Ins(1,4,5)P 3 in response to hyperosmotic stress is due to stressinduced activation of PI-PLC, we analyzed the effect of PI-PLC inhibitors on the Ins(1,4,5)P 3 increase. Neomycin and U73122 had been used as PI-PLC inhibitors in the study of PI-PLC-dependent processes in animal and plant cells (Quarmby et al. 1992 , Legendre et al. 1993 , Staxen et al. 1999 ). We first analyzed the effect of these inhibitors on the activity of a recombinant GST-AtPLC1s fusion protein (Hirayama et al. 1995) . The control GST protein had almost no PI-PLC activity (data not shown). Both neomycin and U73122 inhibited the hydrolysis of PtdIns(4,5)P 2 by the recombinant AtPLC1s in a dose-dependent manner (Fig. 2) . The IC 50 (50% inhibitory concentration) for 0.2 mg of GST-AtPLC1s protein was approximately 30 mM for neomycin and 5 mM for U73122. Enzyme activity was almost completely inhibited by both inhibitors at 100 mM. U73343, an inactive analogue of U73122, had little effect on the AtPLC1s activity. These results confirmed that neomycin and U73122 inhibited Arabidopsis PI-PLC.
When T87 cells were pretreated with 100 mM neomycin before mannitol treatment, the transient increase in Ins(1,4,5)P 3 was almost completely inhibited (Fig. 1A, a) . In the NaCl or dehydration treatment, the increase in Ins(1,4,5)P 3 was inhibited by approximately 25% (Fig. 1A, b, c) . Neomycin exhibits an affinity for phosphatidylinositol monophosphate (PI) and phosphatidylinositol bisphosphate (PIP 2 ), and is used as an inhibitor of PI-turnover (Palmer 1981) . The high salt concentration may decrease the affinity between neomycin and PtdIns(4,5)P 2 and repress the inhibition of PLC activity. The inhibitory effect of 100 mM neomycin against the enzyme activity of GST-AtPLC1s fusion protein in vitro in a reaction mixture containing 125 mM NaCl was diminished to 45.5% of the control level, which supports the above idea. Because neomycin is not a specific inhibitor of PI-PLC (Cho et al. 1995 , Pappan et al. 1997 , we examined the effect of another inhibitor, U73122, on the increase in Ins(1,4,5)P 3 caused by mannitol treatment. U73122 almost completely inhibited this increase (Fig. 3) . By contrast, U73343 had little effect. These results suggest that the rapid and transient increase in Ins(1,4,5)P 3 in response to mannitol-stress is due to the hydrolysis of PtdIns(4,5)P 2 by PI-PLC.
Hyperosmotic stress induced rapid production of PtdIns(4,5)P 2 in Arabidopsis T87 cultured cells
We investigated whether the rapid and transient increase in Ins(1,4,5)P 3 is due to the activation of PI-PLC in response to hyperosmotic stress or is due to increased levels of PtdIns(4,5)P 2 . We measured changes in the levels of PtdIns(4,5)P 2 in response to hyperosmotic stress. Mannitol (0.5 M) or NaCl (0.25 M) induced an increase in PtdIns(4,5)P 2 within 10 min after treatment, but ABA had no effect. However, the increase in PtdIns(4,5)P 2 was slower than that in Ins(1,4,5)P 3 . No rapid and transient increase in PtdIns(4,5)P 2 occurred. These results indicate that the rapid and transient increase in Ins(1,4,5)P 3 is due to the activation of PI-PLC in response to hyperosmotic stress rather than increase in the supply of PtdIns(4,5)P 2 to PI-PLC. We further investigated whether Ins(1,4,5)P 3 might induce PtdIns(4,5)P 2 synthesis under hyperosmotic stress but the results were negative (Fig. 4) .
Effects of neomycin and U73122 on dehydration-induced gene expression
To elucidate the linkage between the Ins(1,4,5)P 3 increase and cellular responses to hyperosmotic stress, we analyzed the effect of neomycin on the expression of drought-inducible genes. Five drought-inducible genes-DREB2A (Liu et al. 1998) , rd29A (lti78/cor78) (Yamaguchi- Shinozaki et al. 1992, Yamaguchi-Shinozaki and , rd17 (cor47) (Gilmour et al. 1992 , Iwasaki et al. 1997 , AtP5CS1 (Yoshiba et al. 1995) , and rd20 (Takahashi et al. 2000) -were induced by 0.5 M mannitol treatment in T87 cells (Fig. 5A) . Although the product of DREB2A reached its maximum level 20 min after the mannitol treatment, those of the other genes reached their maximum 40-60 min after treatment. In T87 cells preincubated with 100 mM neomycin 30 min before mannitol treatment, the mannitol-induced gene expression of rd29A and rd17 were significantly reduced and slightly delayed. Similar effects by neomycin were observed with erd10 (Kiyosue et al. 1994 ) and cor6.6 (Gilmour et al. 1992 ). These four stress-responsive genes contain a cis-acting element, termed the dehydrationresponsive element (DRE)/C-repeat (CRT) in their promoters (Baker et al. 1994, Yamaguchi-Shinozaki and .
In contrast, the stress-responsive induction of DREB2A, AtP5CS1 and rd20 were not affected by the neomycin treatment (Fig. 5A ). These three genes do not have DRE/CRT in their promoters. Similar results were obtained with U73122, i.e. U73122, but not U73343, reduced the induction of rd29A and rd17 by mannitol, and both compounds were almost inef- fective as inhibitors against the induction of AtP5CS1 (Fig. 6) . Because neomycin and U73122 repress the hyperosmotic stress-responsive expression of genes that are controlled by DRE-binding proteins , we propose that PI-turnover is involved in the hyperosmotic-stress signal process controlled by DRE-binding proteins.
To examine the possibility that the inhibition of the increase in Ins(1,4,5)P 3 by pretreatment with neomycin is due to a decrease in PI-PLC, we examined the effect of neomycin on the expression of both AtPLC1s and AtPLC2 genes in response to mannitol. In Arabidopsis seedlings, the AtPLC1s mRNA accumulates in response to dehydration, salinity, and cold (Hirayama et al. 1995) , whereas AtPLC2 has been shown to express constitutively in most organs (Hirayama et al. 1997 ).
AtPLC1s was induced by mannitol in T87 cells, but the induction was not repressed by pretreatment with neomycin (Fig.  5B) . AtPLC2 was not influenced by mannitol, with or without neomycin. These results indicated that neomycin does inhibit the induction of the PI-PLC gene expression in response to mannitol, and that neomycin does not inhibit transcription nonspecifically.
Discussion
In Arabidopsis T87 cultured cells, we detected a rapid and transient increase in the level of Ins(1,4,5)P 3 within a few seconds in response to hyperosmotic stresses caused by mannitol, salt, and dehydration (Fig. 1A) . Moreover, the Ins(1,4,5)P 3 increase in response to mannitol and NaCl treatment was dosedependent (Fig. 1B) . There are two reports on the induction of Ins(1,4,5)P 3 by hyperosmotic stress in beet storage tissues (Srivastava et al. 1989 ) and in carrot (Daucus carota L.) cultured cells (Drøbak and Watkins 2000) . However, these reports have not clearly shown whether the Ins(1,4,5)P 3 production is generated by PI-PLC or other changes in PI-metabolism. In this study, we elucidated that the rapid and transient increase of Ins(1,4,5)P 3 in T87 cells is mainly due to the activation of PI-PLC from the following results. (1) The Ins(1,4,5)P 3 increase in response to mannitol treatment was inhibited by two independent PI-PLC inhibitors, neomycin and U73122 (Fig. 1A, 3) . (2) The Ins(1,4,5)P 3 increase was not due to the increase in PtdIns(4,5)P 2 (Fig. 4) . (3) Although neomycin inhibited the Ins(1,4,5)P 3 increase, the expression of AtPLC1s and AtPLC2 was not affected by neomycin (Fig. 5) . These results indicate an important role of PI-PLC in hyperosmotic stress response and signal transduction process.
The rapid and transient increase of Ins(1,4,5)P 3 occurred within a few seconds in T87 cells strongly reminds us of a transient increase in cytosolic free Ca 2+ within a few s in response to hyperosmotic stress (Knight et al. 1997 , Knight et al. 1998 ). The results of Knight et al. (1997) indicate that an extracellular calcium channel blocker and PI-PLC inhibitors, such as neomycin and U73122, partially inhibit the mannitolinduced Ca 2+ elevation, and suggest that the cytoplasmic Ca 2+ increase in response to hyperosmotic stress is likely to be due to both influx of extracellular Ca 2+ and release of Ca 2+ from intracellular stores mediated by phosphoinositide signaling. In guard cells, Ins(1,4,5)P 3 inhibited the plasma-membrane inward K + channel, and micro-injected "caged" Ins(1,4,5)P 3 not only released cytosolic free Ca 2+ but also triggered stomatal closure (Blatt et al. 1990 , Gilroy et al. 1990 ). These reports also suggest an important role of a sequential signal transduction pathway from the PI-PLC activation to the Ca 2+ release in cellular responses to hyperosmotic stress in higher plants.
In T87 cells, 50 mM ABA did not induce a transient increase in Ins(1,4,5)P 3 (Fig. 1) . This result is inconsistent with an observation in guard cell protoplasts of Vicia faba, in which Ins(1,4,5)P 3 levels increased by 90% relative to controls within 10 s after 10 mM ABA treatment in the presence of 10 mM LiCl (Lee et al. 1996) . This difference suggests the existence of multiple hyperosmotic-stress signal transduction pathways involving PI-PLC in different cell types. In T87 cells, the PLC activation may not function downstream of the ABA synthesis or independently of ABA signaling in the intracellular signal transduction pathways to hyperosmotic-stress responses.
A rapid increase in PtdIns(4,5)P 2 in response to hyperosmotic stress within 10 min was also observed in T87 cells (Fig.  4) . However, the increase of PtdIns(4,5)P 2 was slower than that of Ins(1,4,5)P 3 , suggesting that the former is not a major controlling factor of the latter under hyperosmotic-stress conditions. Recently, both salinity and hyperosmotic stresses were shown to induce a rapid increase in the level of PtdIns(4,5)P 2 in Arabidopsis , and the latter stress also rapidly increased the level of PtdIns(3,5)P 2 in Chlamydomonas and tomato cells (Meijer et al. 1999) . PtdIns(4,5)P 2 has been shown to function in a number of cellular processes, such as reorganization of the cytoskeleton (Drøbak et al. 1994 ), vesicle trafficking (De Camilli et al. 1996 , and regulation of certain PLDs (Pappan et al. 1997) . PtdIns(4,5)P 2 might also act as a second messenger in some other hyperosmotic-stress signal transduction pathway. AtPIP5K1, a gene encoding PtdIns4P-5-kinase, was shown to be induced by hyperosmotic stress in Arabidopsis (Mikami et al. 1998 ). The rapid increase in PtdIns(4,5)P 2 in response to hyperosmotic stress may not be due to an increase in the AtPIP5K1 transcripts, because the rapid accumulation of PtdIns(4,5)P 2 within 10 min cannot be explained by relatively slow accumulation of the AtPIP5K1 transcripts that become significant at 1 h after dehydration and salt treatment (unpublished data). The rapid accumulation of PtdIns(4,5)P 2 may be due to the regulation of PtdIns4P-5-kinase activity in response to hyperosmotic stress.
Studies of the expression patterns of dehydrationinducible genes suggest the involvement of at least four signaling pathways in the water-stress response, two ABAdependent and two ABA-independent pathways , Shinozaki and YamaguchiShinozaki 2000 . Several water-stress-inducible genes, such as rd29A (lti78/cor78), rd17 (cor47), erd10, and cor6.6, are known to be regulated by dehydration and cold stress in one of ABA-independent signaling pathways, in which a cis-acting element, termed DRE/CRT, plays an important role . In contrast, AtP5CS1, DREB2A, and rd20 do not contain DRE/CRT in their promoter regions. rd20 contains ABA-responsive elements (ABRE) (Ingram and Bartels 1996) in its promoter region and is controlled by two of the ABA-dependent signal transduction pathways under water stress (Takahashi et al. 2000) .
The elucidation of downstream events of Ins(1,4,5)P 3 signaling pathways should help us understand the molecular mechanism of hyperosmotic-stress responses in plants. For this purpose, we analyzed the effect of PI-PLC inhibitors on the expression of five drought-inducible genes, DREB2A, rd29A, rd17, AtP5CS1, and rd20. The mannitol-inducible expression of rd29A and rd17 was not only decreased but also slightly delayed by neomycin pretreatment, whereas the induction of gene expression of DREB2A, AtP5CS1, and rd20 was not influenced by neomycin (Fig. 5) . U73122 also inhibited the hyperosmotic-stress-induced expression of rd29A, whereas U73343 did not (Fig. 6) . These results suggest that Ins(1,4,5)P 3 signaling pathways may be in part involved in the regulation of ABA-independent gene expression controlled by the DRE/CRT motif. DREB1 (CBF) and DREB2, two different types of DREbinding proteins, specifically bind to DRE/CRT and activate transcriptions of genes in response to cold and hyperosmotic stresses, respectively (Stockinger et al. 1997 , Liu et al. 1998 . DREB2A functions in the transactivation of DRE-dependent gene expression under dehydration and salinity conditions and seems to need post-transcriptional modification for its activity (Liu et al. 1998) . The inhibition of the DRE-dependent gene expression by the PI-PLC inhibitors, neomycin and U73122, suggests PI-PLC might mediate the activation of DREB2A and/or the expression of DREB2-targeted genes in hyperosmotic-stress signal transduction in higher plants. However, the PI-PLC inhibitors were not able to completely inhibit the DREdependent gene expression. These results suggest the existence of another signal transduction pathway in the control of the Fig. 6 Effects of U73122 and U73343 on gene expression in response to mannitol. Each lane was loaded with 30 mg of total RNA from T87 cultured cells treated with 0.5 M mannitol, 0.5 M mannitol after 100 mM U73122 pretreatment or 0.5 M mannitol after 100 mM U73343 pretreatment for various times after the initiation of treatment. The RNA was fractionated on a 1% (w/v) agarose gel, blotted onto a nylon membrane, and probed with a 32 P-labeled fragment of rd29A, rd17 or AtP5CS1 cDNA. DRE/CRT-motif dependent hyperosmotic-stress-induced gene expression. In Arabidopsis seedlings, both transient elevation of Ca 2+ and the induction of rab18 and lti78/rd29A in response to mannitol treatment have been shown to be partially inhibited by pretreatment with the calcium channel blocker lanthanum or the calcium chelator EGTA (Knight et al. 1997 ). This suggests that influx of extracellular Ca 2+ may also be involved in drought-inducible gene expressions.
In conclusion, our results suggested that hyperosmotic stress induces a rapid and transient elevation in Ins(1,4,5)P 3 levels in Arabidopsis T87 cells, which is due to the activation of PI-PLC. Our data strongly supports the hypothesis that Ins(1,4,5)P 3 functions in the initial stage of signal transduction cascades of hyperosmotic stress signals. Ins(1,4,5)P 3 may function in the induction of stress-related genes containing the DRE/CRT cis-acting element in an ABA-independent pathway. To prove this hypothesis more directly, we are planning to analyze the Ins(1,4,5)P 3 increase and gene expression in response to hyperosmotic stress in transgenic plants in which AtPLC or other genes that are involved in PI-turnover system are overexpressed, downregulated, or disrupted.
